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Introduction 19
Genetically encoded reporters are important tools to monitor gene expression, and provide 20 faster read-outs than other methods. For example, promoter-driven reporters are often used as 21 proxies for assessing mRNA expression, and are faster than more direct measurements of 22 mRNA expression, such as quantitative reverse transcriptase polymerase chain reaction (qRT-23 PCR) or single-molecule fluorescence in situ hybridization (smFISH). In C. elegans, genetic 24 reporters have traditionally been introduced into the genome as multi-copy arrays that contain 25 hundreds to thousands of copies (Mello et al. 1991) . While multiple copies of a transgene can 26 increase reporter signal, a small RNA-mediated process called transgene silencing often 27 reduces expression from these multi-copy reporters in C. elegans (De-Souza et al. 2019; 28 Minkina and Hunter 2018). Because of this phenomenon, measurement of reporter gene 29 expression in C. elegans can be confounded by factors that regulate transgene silencing 30 instead of regulating expression of the gene of interest itself. Generation of low-copy array 31 strains (Schweinsberg and Grant 2013) or integration of reporters as single copy transgenes via 32
MosSCI (Mos-1 mediated single-copy insertion) or CRISPR/Cas9 (Dokshin et al. 2018; 33 Frøkjaer-Jensen et al. 2008) can reduce or eliminate silencing, but has the disadvantage of 34 producing lower signal than multi-copy transgenes (Mendenhall et al. 2015) . The most 35 commonly used genetically encoded reporters include fluorophores like the green fluorescent 36 protein (GFP). Unfortunately, weak background fluorophores present in multicellular organisms 37 can decrease the overall sensitivity of such fluorophore-based assays. In particular, gut 38 granules of the C. elegans intestine are highly auto-fluorescent and can hamper measurement 39 of gene expression from this tissue (Teuscher and Ewald 2018) . Thus, there is a need for 40 genetically encoded reporters in C. elegans with better overall signal than fluorophores like 41 GFP. 42 In contrast to fluorescent reporters, bioluminescent reporters generate de novo light 43 without the need for external excitation through photons, and they are highly sensitive with a 44 broad dynamic range (Thorne, Inglese, and Auld 2010). Bioluminescent signal is generated 45 through oxidation of a substrate (Luciferin) by a Luciferase enzyme and there are many 46 Luciferin/Luciferase pairs. These reporters are commonly used in mammalian systems and less 47 often in C. elegans. To date, the ATP-dependent firefly luciferase has been used in C. elegans 48 to measure mitochondrial function, larval molting, feeding behavior and circadian rhythm, and 49 also to monitor viral infection (Gammon et luciferase is a means to monitor mitochondrial activity, the requirement for ATP hampers the 52 ability of this luciferase to accurately investigate other processes like gene expression, because 53 a lack of signal may simply reflect lowered ATP levels in the cell (Brock 2012) . Therefore, the 54 use of highly sensitive, ATP-independent luciferases would facilitate broader use of 55 bioluminescent reporters in C. elegans. 56 In this study we establish the ATP-independent Nanoluciferase (NanoLuc) as both a 57 constitutive and inducible genetically encoded luciferase reporter in C. elegans. NanoLuc was 58 developed by Promega (Hall et al. 2012 ), who optimized a subunit of the Oplophorus 59 gracilirostris deep sea shrimp luciferase to generate a reporter with small size, high physical 60 stability, and high brightness. Promega further recommends to use the coelenterazine 2-61 furanylmethyl-deoxy-coelenterazine (Furimazine) as a substrate for NanoLuc to achieve a high 62 luminescent signal with increased half-life and decreased autoluminescence compared to other 63 luciferase/luciferin pairs. The 19 kDa monomer NanoLuc exerts an ATP-independent glow-type 64 blue signal (Emission max 460 nm) with a half-life longer than two hours. Compared to firefly 65 and renilla luciferases, NanoLuc emits a ~150-times brighter signal, has better assay stability at 66 higher temperatures, and operates at a wider pH range and in the presence of urea (Hall et al. 67 2012) . NanoLuc has been used for several applications in non-C. elegans systems, like 68 mammalian cells (England, Ehlerding, and Cai 2016) . Here we used the MosSCI technique to 69 generate single-copy reporter strains that have constitutive and inducible expression of 70 NanoLuc in C. elegans. We used these strains to develop a sensitive and quantitative plate-71 based assay that has the ability to detect bioluminescent signal in a fraction of a worm 72 constitutively expressing NanoLuc, and to detect induction of NanoLuc being driven by an 73 immune/stress-regulated promoter. 74 backcrossed at least three times before use. All C. elegans strains were maintained at 20°C on 81 Nematode Growth Media (NGM) plates seeded with E. coli OP50-1 bacteria according to 82 standard methods (Brenner 1974) . Stocks of synchronized, starved first larval stage (L1) 83 animals were generated by bleaching gravid adults (Emmons, Klass, and Hirsh 1979 To prepare worm lysate of 100, 1,000, 10,000 or 20,000 N2 and ERT513 young adults for 120 Worm lysate samples were either placed to -80°C immediately after harvesting or first flash 155 frozen in liquid N2 for a couple of seconds. To measure the bioluminescent signal, samples 156 were thawed at room temperature and signal was obtained as previously described. 157
Materials and Methods
158
Measuring the NanoLuc Assay 159
The assay plate was agitated for 10 minutes at room temperature and luminescent signal was 160 detected on a NOVOstar plate reader for 1 second without filters. If not indicated otherwise, the 161 optimal gain across the plate was determined from the sample with the highest luminescent 162 signal. 1X Lysis Buffer vortexed with Silicon Carbide beads and NanoGlo Reagent was used as 163 a blank. Supplementary Figure 1  171 10,000 pals-5p::GFP (not expressing NanoLuc, jyIs8) or vha-6p::Nanoluc (ERT513) adult 172 worms were harvested into 15 ml tubes and washed with M9-T to remove residual bacteria. 173
Comparing NanoLuc Signal in Intact and Lysed Worms for
After spinning the worm pallet down, the supernatant was reduced to the 1 ml marking on the 174 tube, and 1 ml of 2X Lysis Buffer with protease inhibitor was added to generate a worm 175 suspension with 5 worms/μl. To measure the signal in 100 intact worms, 20 μl of worm 176 suspension and 30 μl 2X Lysis Buffer were combined in wells of an opaque white 96-well plate. 177
To measure the signal in 100 lysed worms, 20 μl of worm suspension, 40 ul 2X Lysis Buffer and 178 5 Silicon Carbide beads were combined in microfuge tubes and vortexed on a Disruptor Genie 179 vortexer for 4 minutes at 4°C. The samples were spun down at 20,000xg for 1 minute and 50 μl 180 of worm lysate were transferred to an opaque white 96-well assay plate. To each sample, 50 μl 181 of freshly prepared NanoGlo reagent were added. The assay plate was agitated at room 182 temperature and luminescent signal was detected after 10 and 60 minutes on a NOVOstar plate 183 reader for 1 second without filters. Two measurements were performed at each time point, using 184 either the optimal gain 2662 across all samples or the maximum gain 4095. 2X Lysis Buffer 185 vortexed with Silicon Carbide beads and NanoGlo Reagent was used as a blank. 186 187
Preparing Worm Lysate Directly in 96-well Assay Plates for Supplementary Figure 2 188
100 pals-5p::Nanoluc or vha-6p::Nanoluc expressing adult worms were harvested into 1.5 ml 189 tubes and washed with M9-T to remove residual bacteria, the supernatant was reduced to a 190 volume of 100 μl. To prepare worm lysate in tubes, five Silicon Carbide beads were added and 191 the samples were vortexed on a Disruptor Genie vortexer for 4 minutes at 4°C. Then, the 192 samples were spun down for 1 minute at 20,000xg, and 50 μl of the supernatant were 193 transferred to an opaque, white 96-well assay plate. To prepare worm lysate directly inside a 194 well of an assay plate, the 100 ul worm suspension was transferred into a well of an opaque, 195 white 96-well assay plate. Five Silicon Carbide beads were added; the plate was sealed with 196 sealing tape (BioRad, Cat# MSB1001), fastened to a vortexer using an attachment (Scientific 197 Industries, Cat# 504-0233-00 Model H301) and vortexed for 4 minutes at 4°C. Then, the plate 198 was spun down at max speed for 1 minute. 50 ul of the supernatant were transferred to a fresh 199 well. Luminescent signal was measured in lysate prepared in microfuge tubes or lysate (with or 200 without Silicon Carbide beads) prepared in wells of an assay plate as described previously. With the goal of developing a sensitive, plate-based assay to measure reporter gene expression 226 in C. elegans, we compared signal from transgenically expressed GFP or NanoLuc under 227 similar conditions. First, we analyzed animals that contain an integrated, single-copy 3X FLAG-228 tagged GFP controlled by the vha-6 promoter. (Of note, the 3XFLAG tag serves the purpose of 229 facilitating subsequent biochemical analysis.) The vha-6 promoter is a commonly used 230 promoter in C. elegans that drives strong, constitutive expression in the intestine (Oka et al. 231 2001) . The strong intestinal GFP expression from these vha-6p::GFP::3XFLAG adult animals 232 can be visualized with standard microscopy ( Figure 1A and B ). We used a conventional plate 233 reader (NOVOstar, BMG Labtech) to measure green fluorescent signal in 100 -20,000 intact 234 vha-6p::GFP::3XFLAG adults compared to non-transgenic wild-type N2 controls. The plate 235 reader only detected a 3 and 6-fold higher fluorescent signal in 20,000 and 10,000 vha-236 6p::GFP::3XFLAG animals compared to 20,000 and 10,000 N2 animals, respectively (Figure  237   1C ). There was no significant signal over background when only 1,000 or 100 animals were 238 measured. In an attempt to increase signal, we lysed worms first and then measured green 239 fluorescent signal. Here, the plate reader did not detect any significant signal over background 240 in lysate generated from 20,000, 10,000, 1,000 or 100 vha-6p::GFP::3XFLAG adult animals. 241
242
Because of the poor signal from GFP measured on a plate-reader, we explored a NanoLuc-243 based assay. First, we generated transgenic animals that contain a single-copy vha-6p::Nanoluc 244 transgene. Using this strain, we found that luminescence from intact animals was detectable, 245 but highly variable and did not correlate well with input amounts (Supplementary Figure 1) . 246 Therefore, we lysed worms prior to performing the assay, to facilitate access of substrate to the 247 NanoLuc enzyme and improve the signal. In contrast to the measurements from intact animals, 248
we detected a robust and reproducible signal from lysates of NanoLuc-expressing animals. 249 Impressively, we detected a 400,000-fold higher signal in lysate from 100 vha-6p::Nanoluc adult 250 animals when compared to lysate from 100 N2 animals ( Figure 1C ). Lysates from 1,000 vha-251 6p::Nanoluc adult animals had significantly higher signal, and lysates from 10,000 and 20,000 252 vha-6p::Nanoluc adult animals saturated the detection capability of the plate reader ( Figure 1C ). 253
Because of the higher levels of bioluminescent signal obtained from lysates compared to intact 254 animals, we used lysates for all subsequent analyses (see Figure 7 for Assay Schematic). 255
Overall, these results demonstrate a robust and reproducible signal in a plate reader-based 256 assay using lysate from C. elegans expressing NanoLuc, which is much greater than the signal 257 from GFP under similar conditions. 258 259
Assessing the Sensitivity of NanoLuc Constitutively Expressed in the Intestine. 260
To assess the sensitivity of NanoLuc signal in C. elegans, we measured the reporter signal in 261 lysate from single vha-6p::Nanoluc expressing animals at different life stages (Figure 2) . We 262 detected a robust luminescent signal in single adults that was significantly higher than the N2 263 background (Figure 2A) . We also generated a vha-6p::Nanoluc::3XFLAG strain and found 264 similar results as the vha-6p::Nanoluc strain, with robust signal detected in single adults ( Figure  265 2A). Further, we detected strong signal in 10-and 100-fold dilutions of lysates made from single 266 adult vha-6p::Nanoluc and vha-6p::Nanoluc::3XFLAG animals (Figure 2A ). The background 267 signal of Lysis Buffer, substrate and lysed N2 was similar to the plate reader background 268 determined with water, indicating very low background for this assay ( Figure 2B ). Importantly, 269
we saw a very stable signal throughout different wells (B10, C10, D10, E10) of a 96-well assay 270 plate ( Figure 2C ). To assess NanoLuc signal sensitivity in younger animals, we measured the 271 signal in all four larval stages (L1 through L4) and in young adults. We detected a robust signal 272 in single worms from all of these life stages ( Figure 2D ). In summary, a significant signal over 273 background can be detected throughout all C. elegans life stages from single animals 274 constitutively expressing NanoLuc in the intestine ( Figure 2D ). Further, signal can be detected 275 in as little as a 1/100 dilution of lysate from a single adult animal (Figure 2A) . 276
277
Besides detecting low reporter expression, detecting rare events can be critical to the success 278 of reporter-based assays. Therefore, we mimicked a rare event by mixing a single NanoLuc-279 expressing worm in a pool of 5,000 N2s. Here, we detected an approximately 100,000-fold and 280 12,000-fold signal over N2 background in undiluted worm lysate and 1:10 diluted worm lysate, 281 respectively ( Figure 3A Next, we tested several assay parameters for NanoLuc detection, including grinding conditions, 287 substrate incubation time and sample storage. The worm lysate described for the NanoLuc 288 assays above was generated by vortexing worms in microfuge tubes with Silicon Carbide beads 289 on a vortexer. We compared grinding times of two, four, and six minutes at 4°C or at room 290 temperature. We found that signal is decreased with longer grinding times ( Figure 4A ). There 291 was no significant difference between grinding at 4°C and at room temperature, although there 292 was a trend toward lower signal at room temperature. In cell culture studies, bioluminescent 293 NanoLuc signal is usually measured after three minutes of incubation of cell lysate with 294
Furimazine. Our data show that worm lysate can be incubated with substrate for three to ten 295 minutes before measuring ( Figure 4B ). 296
297
The workflow of many experiments can benefit from the option to store samples for several days 298 prior to data collection. To evaluate if NanoLuc samples can be stored before measurement, we 299 measured signal in vha-6p::Nanoluc worm lysate immediately after worm lysis, after one day of 300 storage at -80°C, and after seven days of storage. We either froze down the lysate directly or 301 after snap freezing in liquid nitrogen. With both storage methods we were able to preserve the 302 bioluminescent signal for up to seven days without significant signal loss ( Figure 4C ). In 303 summary, our analyses indicate that worm lysate should be prepared by grinding the worms for 304 two to four minutes, then measured immediately or stored at -80°C for several days. The lysate 305 can be incubated with substrate for up to ten minutes before assessing the bioluminescent 306 signal. 307 308 Testing Multi-well Plate Assay Parameters for NanoLuc Assay. Figure 5A ). This effect was 321 not compensated by measuring in black plates from the top, as the signal is even four-fold lower 322 than bottom reading in the same plates. Of note, both black and white plates show minimal well-323 to-well crosstalk below 1% of sample signal in wells adjacent and diagonal from a sample with 324 strong signal (1.5 Million RLU, Figure 5B ). These results indicate that white plates increase the 325 detectable bioluminescent signal in C. elegans without increasing background ( Figure 5C ) and 326 maintaining minimal cross-talk. 327 328
Demonstration of NanoLuc as a Sensitive Reporter for Monitoring Inducible Gene 329

Expression. 330
Finally, we investigated whether NanoLuc could be used as an inducible genetic reporter. Here 331 we generated animals with a single-copy NanoLuc driven by the pals-5 promoter. The pals-5 332 gene is used as a read-out for the Intracellular Pathogen Response (IPR), which is a defense 333 program induced by diverse, natural intracellular pathogens, as well as by proteotoxic stress 334 (Reddy et al. 2019 ). Previous studies have used a multi-copy pals-5::GFP reporter strain to 335 monitor pals-5 induction in the intestine upon blockade of the proteasome, or with intracellular 336 infection by the microsporidian N. parisii (Bakowski et al. 2014 ). With the integrated, single-copy 337 pals-5p::Nanoluc transgene, we detected a ~300-fold increase upon treatment with proteasome 338 inhibitor bortezomib and a ~50-fold increase in luminescent signal after infection with N. parisii 339 in 100 L4 worms ( Figure 6A ). We controlled for changes in overall worm mass and treatment 340 interaction with NanoLuc by measuring expression of the constitutively expressed vha-341 6p::Nanoluc in parallel. The luminescent signal in treated and untreated vha-6p::Nanoluc 342 animals was not significantly different upon treatment ( Figure 6B ), indicating that bortezomib 343 treatment and microsporidia infection did not simply increase NanoLuc signal independent of 344 the pals-5 promoter. 345
346
In order to streamline the NanoLuc assay workflow, we also tested whether signal could be 347 measured directly from worm lysate prepared in a multi-well plate, to eliminate the need for a 348 separate step where worms are first disrupted in microfuge tubes and then transferred into wells 349 of an assay plate. Here, we tested two conditions: 1) we vortexed worms with Silicon Carbide 350 beads in the wells and transferred half of this lysate away from the beads into fresh wells where 351 it was measured, and 2) we directly measured signal from wells that contain both worm lysate 352 and beads ( Supplementary Figure 2) . In Condition #1 we measured the same signal as from 353 lysate that was prepared in microfuge tubes and transferred into wells to be measured. For 354 Condition #2 we found that the absolute signal we measured was lower when beads were still 355 present in the wells, but the fold-increase upon bortezomib treatment was identical to that seen 356 for measurements of lysate only. Therefore, in cases where there is strong induction such as 357 with the pals-5p::NanoLuc reporter, the signal can conveniently be measured from worms 358 disrupted in the wells and subsequently measured from the same wells. Overall, these results 359 indicate that NanoLuc can be used effectively both as a constitutive as well as an inducible 360 genetic reporter in C. elegans. 361
Discussion 362 363 Here, we describe a highly sensitive luminescence-based method to detect gene expression in 364 C. elegans, using the luciferase NanoLuc. In a plate reader setting where intestinally expressed 365 GFP could be detected only 6-fold over background levels, we found that intestinally expressed 366 NanoLuc could be detected at several million-fold over background ( Figure 1C ). We used this 367 strain that expresses NanoLuc intestinally to detect signal in lysate of single worms at all life 368 stages from L1s to adults. The signal was so robust that we could detect it confidently over 369 background in worm lysate dilutions as small as 1/100 of a single NanoLuc-expressing adult 370 animal. The optimization and testing we performed of various assay conditions provide 371 guidelines for grinding time and temperature, sample storage, and plate type. We also found 372 that the assay can be further streamlined by grinding and measuring directly in a multi-well plate 373 (see Schematic in Figure 7) . within a large population being tested. Indeed, our analysis indicated that it was possible to 384 easily detect a single NanoLuc expressing worm in a population of thousands of non-NanoLuc-385 expressing worms. 386
387
In addition to measuring constitutive expression, we demonstrated that NanoLuc could be used 388 as a convenient tool to monitor inducible promoter activity, showing a 300 and 50-fold increase 389 in expression from the pals-5 stress/immune reporter after proteasome blockade and infection 390 with microsporidia, respectively. To assess if those treatments influence NanoLuc activity or 391 animal size, we used the vha-6 promoter-driven NanoLuc expression in treated and untreated 392 animals as a control. In the future, Dual Luciferase assays that measure promoter-of-393 interest::Nanoluc and control-promoter::Firefly luciferase expression in the same animal could 394 provide an internal control (Promega, Nano-Glo® Dual-Luciferase® Reporter Assay System, 395 #N1610). However, an advantage of a NanoLuc-only system for monitoring gene expression is 396 that it is not affected by changes in ATP levels, which regulate luminescence from firefly and 397 other luciferases. 398
399
The advantages and disadvantages of a NanoLuc-based assay compared to other gene 400 expression methods are summarized in Table 2 . When compared to GFP, NanoLuc provides a 401 much more sensitive and rapid method for plate-reader-based quantitation of gene expression. 402
However, a major disadvantage of the NanoLuc assay is that it requires lysing the worms to 403 generate a robust signal. This step is problematic for experiments where tissue-specific 404 information and/or sample recovery is desirable. While it is not clear why lysis is required, a 405 likely explanation is that the substrate Furimazine cannot sufficiently penetrate the cuticle and 406 tissues of C. elegans. 407
Although it can be desirable to measure reporter gene expression in intact worms, the lysing 408 procedure we describe only takes a few minutes, and thus is much faster than other end-point 409 assays for gene expression that lose tissue information, like qRT-PCR (Table 2) . One excellent 410 application for C. elegans expression of NanoLuc would be genetic screens where it is not 411 necessary to recover live animals, such as in RNAi-based screens. For these screens, NanoLuc 412 would provide better sensitivity and quantitation than GFP, and would be more scalable than 413 qRT-PCR. In addition, the NanoLuc assay requires less input material than assays like qRT-414 PCR, and in some cases it is preferable to determine promoter activity instead of overall mRNA 415 levels ( Table 2) . This feature highlights the application we have demonstrated in Figure 6 , 416 where a pals-5 promoter-driven NanoLuc strain provides a reporter for induction of the IPR 417 stress/immune pathway. This use is analogous to luciferase-based methods for measuring 418 activation of stress and immune pathways in mammalian cells (Delhove et al. 2017) , and may 419 be generally useful for monitoring activation of many different kinds of transcriptional responses 420 in C. elegans. 421 422 Acknowledgements 423
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Supplementary Figure 1. Bioluminescent Signal is Stronger and More Consistent in 515
Lysed Worms than in Intact Worms. 516 Bioluminescent signal measured in 100 adult worms that were intact or vortexed with Silicon 517 Carbide beads to obtain worm lysate. Controls did not express NanoLuc but instead expressed 518 a pals-5p::GFP transgene. NanoLuc expressing worms had a single copy insertion of a vha-519 6p::Nanoluc construct. Signal was measured 10 and 60 minutes after addition of the substrate 520 Furimazine via NanoGlo Reagent (Promega). Red dots represent measurements with an 521 optimal gain across all samples (gain 2662) and grey dots represent measurements with the 522 maximal possible gain to determine the highest detectable luminescent signal for intact worms 523 
